Adaptive optics can be used to correct the aberrations in the human eye caused by imperfections in the cornea and the lens and thereby, improve image quality both looking into and out of the eye. Under the auspices of the NSF Center for Adaptive Optics and the DOE Biomedical Engineering Program, Lawrence Livermore National Laboratory has joined together with leading vision science researchers around the country to develop and test new ophthalmic imaging systems using novel wavefront corrector technologies. Results of preliminary comparative evaluations of these technologies in initial system tests show promise for future clinical utility.
INTRODUCTION

Adaptive Optics at Lawrence Livermore National Laboratory
Adaptive optics have been a key enabling technology for projects at Lawrence Livermore National Laboratory (LLNL) in laser beam control and imaging. Historically, adaptive optics have played an important role in the operation of high power laser systems at LLNL over the past three decades. Currently, the next giant laser system being developed at LLNL, the National Ignition Facility, is designed to be operated with adaptive optics on each of the 192 separate beam lines [1] . These adaptive optics will enable accurate focusing of light into the target chamber for nuclear physics experiments.
Beginning in 1990, based on both adaptive optics and laser expertise developed for high power laser systems, LLNL pioneered the development of adaptive optics for large astronomical telescopes utilizing a sodium-layer laser guide star to significantly improve the observable fraction of the sky. The first sodium-layer laser guide star adaptive optics system, built by LLNL for the 3-meter Shane Telescope at the University of California's Lick Observatory, became operational in 1996 [2] . Currently, this system remains the only such facility in operation, world-wide [3] .
Based on the work at Lick Observatory, LLNL also played a key role in the development of the first adaptive optics and sodium-layer laser guide star systems for the Keck Observatory. The adaptive optics system for the 10-meter Keck II Telescope became operational in 1999 [4] , and the Keck sodium-layer laser guide star system was deployed and first tested on the telescope in 2001. Final integration of the Keck laser guide star and adaptive optics systems is ongoing [5] .
Since its inception, the CfAO has undertaken a vigorous research and development program in advanced adaptive optics technologies [6] . CfAO research activities include development and characterization of micro-electro-mechanical systems (MEMS) deformable mirror (DM) technology [7] , as well as development and characterization of high-resolution adaptive optics systems using liquid crystal (LC) spatial light modulator (SLM) technology [8] .
CfAO Vision Science Program
The vision science work within the CfAO is predicated on the pioneering research carried out at the University of Rochester to apply adaptive optics to the correction of the wave aberration of the human eye [9] . Figure 1 illustrates schematically how adaptive optics can be used to compensate for the wave aberration of the eye. wavefront corrector distorted wavefront corrected wavefront Figure 1 -An adaptive optics system can be used to correct the aberrations in a subject's eye and allow detailed studies of visual performance under a variety of conditions.
A long-term goal of the CfAO vision science program is to commercialize compact AO systems for ophthalmic applications. Two classes of ophthalmic instruments are currently under development within the CfAO. The first class of instruments includes those used for retinal imaging. In simple terms, adaptive optics can be incorporated into fundus cameras to provide ophthalmologists with high-resolution retinal imaging for diagnostic and surgical applications. The second class of instruments includes those used to prescribe vision correction technologies. Once again, in simple terms, adaptive optics can be used to replace the phoropter in order to allow optometrists to assess high-order aberrations in the eye while the patient directly observes the visual benefit of correction. Permanent correction of high-order aberrations would then be accomplished with advanced vision correction techniques, such as custom laser eye surgery or custom contact lenses. By incorporating new compact wavefront corrector technologies, such as MEMS DM or LC SLM devices, along with the current generation of commercial wavefront sensing technology, it should be possible to extend the functionality of the fundus camera and phoropter to higher resolution, while maintaining a clinically viable instrument profile.
LIQUID CRYSTAL SPATIAL LIGHT MODULATOR VISION SYSTEM
LC SLM Technology
A high-resolution liquid crystal spatial light modulator is commercially available from Hamamatsu, and has been previously used to demonstrate high-order phase compensation in a laboratory test-bed [8] . The advantages of this technology include compactness (2 cm clear aperture), low cost (~$30k), ease of use (driven from standard VGA display card), and high resolution correction (480x480 phase control points -more than 200 times greater than the largest conventional DM). Figure  2 shows the Hamamatsu LC SLM assembly.
One disadvantage of the current LC SLM technology is the limitation in the amplitude of the phase control (~1 wave). This requires the use of phase wrapping techniques in order to compensate for aberrations commonly encountered in the clinical population. The use of phase wrapping techniques, in turn, constrains the range of optical wavelengths over which the wave aberration correction is valid. Visual performance testing is, therefore, restricted to monochromatic scenes, which limits the clinical utility. Nevertheless, the high resolution capability of this system makes it attractive for some types of psychophysical testing. 
LC SLM Adaptive Phoropter
Using the high-resolution LC SLM technology, an adaptive phoropter has been developed at LLNL for use at the UC Davis Medical Center. The clinical goals of this system include determining the ultimate limits of visual acuity and studying the relationship between normal aging, retinal disease and visual performance through psycho-physical testing. Figure 2 also shows a complete view of the system being operated at UC Davis.
Test results
The LC SLM AO system has been tested with an externally induced aberration created by a lens and using an optomechanical surrogate eye assembly in place of a human eye. In this configuration, the system converges with high accuracy, resulting in a final residual error of ~ 50 nm rms, as shown in Figure 3 . Initial testing with human subjects is underway.
rms Error in microns iterations Gain = 0.2 9 th iteration 1 st iteration Figure 3 -Convergence of the LC SLM AO system on a defocus aberration introduced using a simple lens and an optomechanical surrogate eye. The system reaches a steady state with a residual rms error of ~50 nm after ~15 iterations with a loop gain of 0.2.
MEMS DEFORMABLE MIRROR VISION SYSTEM
MEMS DM Technology
MEMS DM devices are commercially available from Boston Micromachines, and have been previously demonstrated at the University of Rochester in an adaptive optics laboratory test-bed to correct the wave aberrations of the human eye [10] . Figure 4 shows the MEMS DM assembly from Boston Micromachines. Advantages of the MEMS DM include compactness (clear aperture of 3 mm), low cost (~$25k), ease of use (driven with standard PC frame grabber card), and good resolution (12x12 actuators -comparable to conventional DM technology used for high-end laboratory vision AO systems).
One disadvantage of the current MEMS DM technology is the limited range of surface deformation (~1-2 microns). This limitation restricts the fraction of the clinical population over which a good wave aberration correction can be achieved. Ongoing work, sponsored by the CfAO, is proceeding to develop a new generation of high-stroke MEMS DM devices, with actuator ranges of 4-12 microns, depending on the details of the different designs under development by several groups around the country. 
MEMS DM Adaptive Phoropter
Using the MEMS DM technology from Boston Micromachines, along with commercially available ophthalmic wavefront sensing system from Wavefront Sciences, a portable adaptive phoropter has been developed at LLNL for initial use at the University of Rochester. The initial clinical goal for this system is to achieve comparable performance for human subjects to the laboratory adaptive optics system at the University of Rochester, in a direct, side-by-side comparison. Once this level of performance is verified, the system will be transferred to the vision clinic at Bausch & Lomb in order to assess the visual performance enhancement due to the correction of high-order wave aberrations for a larger clinical population. Figure 4 also shows the fully assembled system at LLNL, prior to its shipment to Rochester.
Test results
The MEMS DM adaptive phoropter has undergone testing at LLNL using an opto-mechanical surrogate eye in place of a human eye. A lens has been used to introduce a simple defocus error. Figure 5 shows the results of a test using a 0.25 diopter lens. After closing the adaptive optics loop, the system converges to remove the defocus to a level of 0.01 diopter.
The results shown in Figure 5 contain a small amount of residual astigmatism at the level of 0.13 diopters. Subsequent testing has indicated that this error is due primarily to a difference in calibration between the closed-loop system and the wavefront analysis mode used to assess the performance. A simple calibration procedure should eliminate this error source in future tests. Figure 5 -Wavefront analysis for an aberration introduced using a 0.25 diopter lens and an opto-mechanical surrogate eye before closing the adaptive optics loop (left) and after closing the loop (right) using the MEMS DM. The analysis system accurately measures the defocus caused by the lens, and the closed loop system accurately removes the defocus to a level of 0.01 diopters. A residual astigmatism of ~0.1 diopter is present in the system, primarily due to a simple calibration error. Further work will eliminate this error source.
SUMMARY AND CONCLUSIONS
Two adaptive phoropter systems using novel, compact, inexpensive wavefront control technology have recently been developed and tested. The purpose of these systems is to perform both measurement and correction of the eye's aberrations up to high spatial frequencies, thereby allowing subjects to make a direct assessment of the subjective benefit of high-order wavefront correction. One of these adaptive phoropter systems uses a custom Shack-Hartmann wavefront sensor and a commercially available optically addressed LC SLM to perform high-order wavefront correction. The second adaptive phoropter system uses a commercially available Shack-Hartmann wavefront sensor and a commercially available MEMS DM for wavefront correction. The LC SLM based system has been deployed at the University of California, Davis Medical Center and is being evaluated using human subjects. The MEMS based system, which has been designed in a portable, modular configuration for clinical use, is being deployed at the University of Rochester for initial testing using human subjects and will be compared directly with the laboratory adaptive optics system at Rochester using conventional deformable mirror technology. The new wavefront corrector technologies employed have the potential to enable the development of clinical adaptive phoropters, due to their small size and low cost compared with conventional deformable mirrors.
